Introduction 43
Biodiversity is rapidly changing worldwide and declines are predicted to 44 continue for the coming decades (Chapin et have filled the available niches with resident species efficiently using the available 65 resources, such that it is more difficult for an invader to establish and persist. 66 4 The latter, effects of regional connectivity and the spatial landscape 67 structure, is more complex. Firstly, spatial dynamics directly modulate how invading 68 species get to a specific location, and thereby affect invasion dynamics. In this 69 context, the spatial unfolding of invasion fronts (Giometto et al. 2014, Carraro et al. 70 2018) as well as the significance of specific hubs in spatial networks on invasion 71 success has been receiving increasing attention (e.g., Morel-Journel et al. 2019) . 72
Secondly, however, the physical configuration of the landscape and the spatial 73 dynamics it generates will also modulate invasion success indirectly by influencing 74 local community structure and dynamics such as diversity or identity of species in a spatial landscape of connected habitats, this spatial perspective is highly 78 relevant. These intricate effects of spatial dynamics on invasion success are expected 79 in all spatially structured landscapes, but may be especially pronounced in spatial 80 networks with a complex but also non-random spatial structure (Rodriguez-Iturbe 81 and Rinaldo 1997). 82
A key candidate for such landscapes are dendritic riverine networks, which 83 are most strongly affected by invasive species (Leuven et al. 2009 , Reid et al. 2019 . 84
They follow well described network structures and properties that are globally 85 highly conserved (Rodriguez-Iturbe and Rinaldo 1997, Altermatt 2013). It is well 86 known that dispersal and metacommunity dynamics are essential to properly 87 describe the spatial linkage between communities in such riverine networks 88 Consequently, it has been speculated that predicting invasion dynamics 99 requires a better understanding of regional influences related to landscape network 100 structure (Mari et al. 2014 In this study, we experimentally tested how well-conserved habitat size 107 distribution and connectivity in dendritic networks are shaping local community 108 composition, and, subsequently, affecting the resistance of these communities to 109 species invasions. We conducted microcosm experiments with protist species, in 110 which we first let the local communities assemble across replicated dendritic 111 networks with varying patch size distribution and respective isolated controls. 112
Subsequently, we stopped dispersal in the dendritic network and introduced invaders 113 into each of the local communities. This allowed us to address the invasibility of 114 each community, and to disentangle effects of local community properties per se 115 and the regional dynamics influencing resident community assembly prior to 116 6 invasion. We assessed short-and long-term invasion success. The invasion success 117 was assessed for each local community individually, thereby disentangling effects of 118 local properties and the imprint of spatial network position. We investigated the 119 effect of patch connectivity and patch size on the establishing of the invaders using 120 presence and absence data of invaders. We hypothesized that the invasion success is 121 lower in large patches. Those larger patches are expected to support higher species 122 diversity, with assumed higher resource complementarity, higher proportion of used 123 resources and therefore lower availability of resources for invaders (Wardle 2001) . 124
On the contrary, the invasion success was expected to be higher in small patches 125 with low resource complementarity and low species diversity, a low proportion of 126 used resources, and higher resource availability for invaders. We also assumed the 127 imprint of spatial connectivity on local communities to subsequently reduce invasion 128 success, because past dispersal dynamics (compared to the isolated controls) should 129 have made communities more resistant to invading species. 130 131
Methods 132
We studied community assembly and subsequent invasion dynamics in experimental 133 dendritic networks ( Fig. 1 ). We used five independent realizations of dendritic 134 network landscapes (A to E), with 36 patches each ( Fig. S1 Appendix) . The 135 structure of these networks followed optimal channel structures with patch size 136 scaling distributions observed in real river systems, which have already been used in 137 previous experiments (Carrara et al. 2014 ). For logistic reasons, patch sizes were 138 binned in four categories (3 mL, 5.2 mL, 9 mL, 18 mL), and as a control we had 10 139 isolated replicates (isolated "control") for each of these patch sizes (in total 40 140 control patches; Fig. 1 ). 141 7
We introduced six 'resident' protist species into each patch, monitored 142 subsequent community assembly shaped by dispersal, species interactions, and 143 ecological drift (phase 1; Fig. 1 ). We then halted dispersal, and assessed the 144 invasibility potential of each of these communities, by introducing an invading 145 species to each of these communities after three weeks of community assembly 146 (phase 2). We investigated invasion success by measuring presence or absence of the 147 invader on day four (~8 generations, termed short-term invasion success) and day 148 seven post-invasion (~14 generations, termed long-term invasion success). 149
Importantly, this design allowed us to separate the effect of spatial dynamics on 150 community assembly (phase 1) from the subsequent test of invasion potential (phase 151 2), which was done for each of the patches independently. 152
153

Community set-up and community assembly 154
We used six freshwater protist and rotifer species for the community assembly: At the onset of the experiment, we mixed the six protist species 162 monocultures with a focal density of 33.3 individuals mL -1 per species (community-163 mix). From this community-mix we distributed 3 mL to all patches, such that it 164 contained on average 100 individuals of each of the six species Lox, Tet, Col, Dex, 165 8 look at species assembly dynamics. We toped up the volume in the respective 167 patches with protist medium to reach the final focal volumes (3 mL, 5.2 mL, 9 mL, 168 18 mL). 169
We then applied a dispersal treatment twice a week (in total 5 times during 170 21 days). We applied undirected nearest neighbor dispersal along the network 171 structure, using a method with mirror landscapes developed by Carrara We intentionally added this invading species at an initially low number to match 188 natural scenarios of species invasions. Four days and seven days after this invasion, 189 presence or absence of the invader was assessed (short-term invasion success and 190 long-term invasion success). To do so, we screened the invader's presence in a 9 subsample of 175 µL under a stereo microscope (Leica M205 C, Leica 192 Microsystems GmbH, Wetzlar DE). When Spirostomum sp. was not present in the 193 subsample screened for the long-term invasion success, we additionally screened a 194 total volume of 1.5 mL. 195
In parallel, we used a video-based monitoring method to assess community 196 structure and diversity of resident communities. We recorded and analyzed the 197 community in each patch of the connected dendritic landscape and isolated single patch settings for BEMOVI script were the following: Pixel size of 4.05 µm, difference lag of 206 10 frames, thresholds of 10 to 255 difference of pixel intensity, min particle size 5 207 pixels, max particle size 1000 pixels, link range 3 frames, displacement 16 pixels, 208 detection frequency of 0.1 seconds, median step length of 3 pixels. 209
To identify species, we used a random forest algorithm. This algorithm is 210 based on decision trees using binary thresholds to divide the observations into the 211 most possible class at the end node (Pennekamp et al. 2017 ). The information about 212 morphological and movement features for classification were given from BEMOVI 213 as well as subsequent invasion success, the latter based on presence and absence data. 223
We ran linear mixed effect models (lmer) to analyse Shannon diversity, including the 224 explanatory variables patch size, connectivity, and distance to outlet. We ran 225 generalized linear mixed-effects models (glmer) with a binomial distribution to analyse 226 invasion success, including the explanatory variables patch size, connectivity, distance 227 to outlet, and Shannon diversity immediately preceding invasion. Landscape identity 228 was added as a random factor. We did the model selection based on the AICc and its Dispersal in the dendritic landscapes affected community assembly and resulted in a 241 characteristic diversity distribution: Shannon diversity index (SH) immediately 242 preceding the invasion varied between 0.32 to 1.42, with smallest values found in 243 small and/or more isolated patches (Fig. 2) , while highest values were found in the 244 largest patches. Overall, in dendritic landscape, mean SH immediately preceding 245 invasion increased steadily from small (3 mL) to large (18 mL) patches (mean SH 246 with increasing patch size: 0.70, 0.74, 0.96, 1.09, Figure S3 Appendix). This is also 247 seen in the model selection, where patch size is the single most important factor 248 explaining diversity, followed by connectivity and distance to outlet, which were 249 also retained in all models as important factors explaining diversity (Table 1) . 250
Diversity in single patch controls was also significantly increasing with patch size, 251 ( Figure S3 Appendix) but was on average significantly lower (p<0.03; all statistical 252 details in Table S1 Appendix) in the isolated control compared to the diversity in the 253 dendritic network. 254
We then analyzed invasion success of Spi in the landscapes (Fig. 3) . The 255 short-term invasion success of Spi in the dendritic landscapes was highest in the 256 small patches (3 mL) and lowest in the large patches (18 mL). The mean proportion 257 of successful invasions was 9.5 times higher in the small 3 mL patches (0.57) 258 compared to the 18 mL patches (0.06). Based on the sum of weights of AICc, patch 259 size was the most important variable explaining the short-term invasion success of 260
Spi. Shannon-diversity (preceding the invasion), connectivity (here see also Fig. S4 261
Appendix) and distance to the outlet were similarly important as explanatory 262 variables explaining short-term invasion success, and were all retained in all models 263 (Table 2 ). The results for long-term invasion success were highly congruent ( Table 12 3), with the same variables, and almost same order of importance emerging ( Fig. S5  265 Appendix). 266
Finally, we did model prediction using the best-fitting model for the short-267 term invasion success including the variables patch size and Shannon diversity (SH) 268 immediately preceding invasion to disentangle their relative contribution to invasion 269 success. These predictions support our results, and highlight the relevance of the 270 interaction on patch size distribution and diversity shaped by network position (Fig.  271 
4): the invasion success follows a reverse hump-shaped relationship where invasion 272
success is high at a low SH immediately preceding invasion, then lower at an Understanding invasion success of species has been a long-standing question in 279 ecology (Elton 1933) , and both local properties of the community as well as spatial 280 dynamics/spatial network structures have been used to explain invasion success. We 281 here experimentally showed that these two views are not independent, but can go 282 hand in hand: spatial dynamics, including dispersal and habitat network structure, 283 are shaping local communities, and thereby directly modulating their resistance to 284 invasions. This is likely a strongly understudied, but crucial mechanism: focusing on 285 local or spatial drivers only will not give realistic understanding on how invasions in 286 natural ecosystems emerge. 287
In our experimental dendritic networks, invasion success was directly 288 modulated by patch size: both short-and long-term invasion success was higher in 289 13 smaller patches (Fig. 3) . However, there was also an indirect effect namely the effect 290 of community diversity (Shannon diversity) preceding the invasion, which was 291 again affected by patch size, but also by the spatial position in the dendritic network: 292 position in the network (as described by patch size, connectivity or distance to 293 outlet) indirectly affected invasion success via an effect on diversity. Thus, 294
communities were shaped and emerged by the interplay of both local dynamics 295 (ecological selection and drift) as well as spatial dynamics (dispersal, in this case 296 along a well-defined and realistic habitat network structure). In short, regional scale 297
properties (here patch size) influence local scale properties (here diversity), which in 298 turn affect the invasibility of local communities to biological invasions. 299
The direct effect of habitat network structure, and so-called "invasion hubs" 300 has been recently shown in studies of ecological invasions (Morel-Journel et al. 301 2019). Also, recent experimental and theoretical work indicated that that the spatial 302 percolation of local perturbations will be shaped (and potentially halted) by specific 303 spatial network topologies (Gilarranz and Bascompte 2012, Gilarranz et al. 2015) . 304
Our work now demonstrates that this is equally relevant and directly applicable to 305 biological invasions: spatial dynamics shape the local properties, and subsequently 306 affect invasion success. This, as a consequence, will also allow novel strategies to 307 combat and withstand biological invasions. Beyond the direct manual extirpation of 308 the invading species, direct modifications of local conditions, or modifications of the 309 landscape topology to directly halt invasions, we identify a novel strategy: the 310 management of spatial community networks such that spatial dynamics per se 311 modulate local community properties, rendering a better resistance to biological 312
invasions. As such, well connected habitats are shown to be more resistant to 313 biological invasions, likely due to direct effects of connectivity on diversity and 314 14 structure of local communities, which is a well-known effect in ecology: there are 315 manifold studies showing an increased diversity and more complex local community 316 structure emerging in well-connected landscapes (Damschen et al. 2006 , Brudvig et 317 al. 2009 , Carrara et al. 2012 ). This higher diversity then makes the local 318 communities more resistant to invasions. It is thus a "to kill two birds with one 319 stone" situation: appropriate management of spatial networks, and the maintenance 320 of spatial networks per se, not only leads to more diverse local communities and 321 maintains diversity as such, but also makes these communities more resistant to 322 biological invasions (Harvey et al. 2016 , Bullock et al. 2018 . 323
Importantly, in our experiment we could disentangle the effect of spatial 324 dynamics on shaping local communities and the influence on their invasibility, and 325 the invasion process itself. By definition, the invasion process in natural system has 326 to occur within a spatial context, with invasions spreading through the landscape 327 along specific habitat networks. Importantly, and as a cautionary remark, our study 328 was done in networks in which patch size and connectivity are inherently correlated, 329
and their individual contributions to invasion success cannot be completely teased 330 apart (but see Carrara et al. 2014) . We thus specifically highlight the need of 331 simultaneously addressing both components, local and spatial properties, shaping 332 invasion success, as the sole focus on either local dynamics or the spatial unfolding 333 does not cover the herein shown interaction. While invasion success has repeatedly 334 been found to be negatively correlated with community diversity measures (Tilman 335 1997 , Stachowicz et al. 1999 , Naeem et al. 2000 , Kennedy et al. 2002 , there is still 336 some controversy on how this plays out in natural systems, and may be context-337
dependent. 338
Biological invasions, and their consequences on natural communities, are likely 339 to become even more important in the future (Ricciardi et al. 2017) . By showing that 340 well-known regional scale properties, such as patch size and connectivity distribution 341 in complex landscape networks, as well as local scale properties, such as diversity, 342 affect invasion success, we unite two previously often disconnected lines of 343 argumentation when understanding the (spatial) unfolding of invasions. Most 344 importantly, the intricate effects of spatial dynamics shaping local communities, and 345 making them more or less susceptible to biological invasions highlights that the 346 strategies for prohibiting invasions must go hand in hand: local management of 347 communities as well as maintenance of regional-scale spatial dynamics should be 348 optimized to maintain diverse and complex natural communities, increasing their 349 resistance to biological invasions. Notably, however, the maintenance and management 350 of spatial networks is a two-sided sword: connectivity and spatial dynamics can make 351 local communities more resistant to invasions. However, they are also the way that 352 biological invasions spread in space. While isolation and disconnecting spatial 353 networks may seem a viable strategy to reduce the spread of biological invasions, we 354 believe that this may be short-sighted: the lack of sufficient spatial dynamics will 355 eventually lead to the loss of local diversity, making these communities less resistant to 356 invasions in the long-term. We thus emphasize that it is essential to manage natural 357 ecosystem networks as well as invasive species on a landscape level. 358
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Tables 497 Table 1 : Importance table for the analysis of Shannon diversity preceding invasion. The 498 sum of AICc weights over all the models is given for all variables, ordered in 499 decreasing importance. Also, the number of models retaining each variable is given. 500
Variables assessed were patch size, connectivity, distance to outlet, and all their 501 interaction terms (: 
26
Figure legends 557
Figure 1: Experimental setup. Five dendritic landscapes with 36 connected patches 558 following a realistic patch size scaling structure as well as 40 single patch controls were 559 each inoculated with the same community of six protist species. Subsequent 560 community structure and biodiversity was shaped by dispersal and species interactions 561 over a period of 21 days (single patch controls without dispersal). Thereafter, dispersal 562 was halted, and the species Spirostomum sp. was added to each patch, and its invasion 563 Overall, invasion success decreased with increasing patch size (black lines: mean 576 prediction; black dotted lines: 95% confidence interval). However, invasion success 577 was also significantly and non-linear affected by the community diversity preceding the 578 invasion. 
